TiNb 2 O 7 anode materials (TNO) have unique potential for applications in Li-ion capacitors (LICs) due to their high specific capacity of ca. 280 mA h g −1 over a wide anodic Li-insertion potential window. However, their highrate capability is limited by their poor electronic and ionic conductivity. In particular, studies on TNO for LICs are lacking and that for flexible LICs have not yet been reported. Herein, a unique TNO porous electrode with cross-linked nanorods tailored by post-annealing and its application in flexible LICs are reported. This binder-free TNO anode exhibits superior rate performance (~66.3% capacity retention as the rate increases from 1 to 40 C), which is ascribed to the greatly shortened ion-diffusion length in TNO nanorods, facile electrolyte penetration and fast electron transport along the continuous single-crystalline nanorod network. Furthermore, the TNO anode shows an excellent cycling stability up to 2000 cycles and good flexibility (no capacity loss after continuous bending for 500 times). Model flexible LIC assembled with the TNO anode and activated carbon cathode exhibits increased gravimetric and volumetric energy/power densities (~100.6 W h kg −1 /4108.8 W kg −1 ; 10.7 mW h cm −3 / 419.3 mW cm −3 ), more superior to previously reported hybrid supercapacitors. The device also efficiently powers an LED light upon 180°bending. Figure 1 Schematic illustration of the merits of TNO electrode architecture for Li-ion storage.
INTRODUCTION
Li-ion capacitors (LICs) are hybrid energy-storage systems which are assembled with capacitive carbon electrodes and typical Li-ion battery electrodes [1] [2] [3] . They have attracted intensive research interest in the past two decades due to their merits such as increased energy density and working voltage compared with supercapacitors (SCs) based on activated carbons, and much better cycling stability and rate capability compared with Li-ion batteries. Nevertheless, the high-rate capability and power density of LICs are limited by the sluggish electrochemical kinetics of electrode materials used in traditional Li-ion batteries [4] [5] [6] [7] . To address this issue, electrode materials of batteries are usually prepared in nanoscale, which significantly improves their high-rate performance due to dramatically shortened Li-ion diffusion path in nanosized particles [4] [5] [6] [7] [8] [9] . Recently, many efforts on LICs have been directed to the development of battery materials with specific nanostructures, especially high-potential anode materials [10] [11] [12] . It is well known that graphite anode may have the problem of Li metal deposition when discharged to about 0 V (vs. Li/Li + ), which might lead to the combustion of organic electrolytes. The high-potential anode materials, mainly transition-metal oxides such as Li 4 Ti 5 O 12 (LTO) and Nb 2 O 5 , can exhibit better safety performance at ultrahigh rates (> 10 C) compared with graphitized carbons. In this regard, advanced high-potential anode materials are very attractive for applications in LICs, especially when engineered to work at ultrahigh rates. In the past decade, TiNb 2 O 7 (TNO) anode materials have been proposed for Li-ion batteries because of their considerably higher capacity compared with LTO and possibly lower cost after large-scale production [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . TNO delivers a high reversible capacity of ca. 280 mA h g −1 (between 1.0 and 3.0 V), which is approximately twice that of LTO (ca. 160 mA h g −1 ) and close to that of commercial graphite (ca. 300 mA h g −1 ).
Moreover, TNO can even store lithium at lower potential (down to 1.0 V; sloping charge/discharge profiles) com-pared with LTO (flat plateau at~1.55 V), enabling a wider anodic potential window which is quite promising for designing stable high-voltage LICs. Unfortunately, few studies have been reported on TNO materials for LICs [43, [50] [51] [52] [53] . In addition, TNO anodes generally have poor rate capability resulting from relatively low electronic and ionic conductivity. To improve the rate performance, previous efforts have been mainly devoted to nanostructured TNO materials with porous structure [44] [45] [46] [47] [48] [49] [50] or combined with conductive carbons [51] [52] [53] [54] [55] [56] . While conductive agent is used to ensure the electrical conductivity, polymer binder is needed in the electrode preparation to guarantee physical/chemical connection between TNO particles. Moreover, the addition of electrochemically inactive binders increases the interfacial barriers for charge transfer and decreases the practical energy density [57] . Therefore, high-rate TNO anodes that are free of binder additive are more attractive for advanced LIC devices.
Recently, there is rapid development of bendable or wearable electronic devices such as roll-up displays, smart watches and flexible solar cells [58] [59] [60] [61] . Therefore, researchers are increasingly motivated to develop flexible energy-storage systems compatible with such emerging electronics. Flexible energy storage devices require not only high energy and power densities, but also good mechanical properties to ensure robust flexibility or bendability. As a result, a promising design principle of using binder-free electrode-based hybrid capacitors was recently proposed by our group [15, [62] [63] . The direct growth of three-dimensional (3D) electrode architecture on flexible current collectors has been proven to fulfil all the electrochemical and mechanical requirements for advanced flexible LICs [64] . Despite this, flexible LICs based on TNO anode have not been reported until now.
Herein, an elaborate post-annealing tailored TNO porous anode with interconnected nanorods is prepared, which is used to construct TNO-based flexible LICs for the first time. As illustrated in Fig. 1 , several advantages can be envisioned for our TNO anode: (i) dramatically reduced Li-ion diffusion path within the TNO nanorods (< 25 nm); (ii) electrolyte accessibility ensuring facile Liion migration in porous nanostructure; (iii) fast electron transport along the cross-linked single-crystal TNO nanorods (reduced interfacial barriers due to absence of binder); (iv) enhanced nanostructure stability during cycling because of the cross-linking between TNO nanorods; and (v) good flexibility due to the direct growth of nanorod 3D framework on the flexible carbon cloth. Consequently, these TNO anodes exhibit superior rate capability up to 40 C, excellent cycling stability of 2000 times and continuous bendability (> 500 times). Model LICs constructed with the TNO anode and activated carbon cathode deliver increased energy/power densities and good cycling stability. The maximum gravimetric/ volumetric energy densities were higher than those of other flexible SCs or battery-SC hybrid devices in previous literature. The present work provides an effective strategy to design high-performance flexible hybrid supercapacitors.
EXPERIMENTAL SECTION

Materials preparation
Firstly, seeded carbon cloths were prepared by immersing pristine carbon cloths in an ethanol solution with 0.2 mol L −1 niobium chloride (NbCl 5 ) and 0.1 mol L Teflon-lined reactor was sealed with a stainless-steel autoclave, and then heated up and kept at 200°C for 24 h. After the solvothermal reaction, the carbon cloth was removed and then cleaned with distilled water and absolute alcohol successively. Thirdly, the as-prepared sample on the carbon cloth, as the precursor, was annealed under Ar atmosphere at different temperatures including 700, 750, 800 and 850°C for 5, 7, or 10 h. The mass-loading of TNO on the carbon cloth was estimated to be about 2.0-2.5 mg cm −2 by the comparison of pristine and final carbon cloths. All the chemicals used in this work were analytical reagents and commercially supplied by Sinopharm Chemical Reagent Co. Ltd., China.
Physical characterization
The morphologies of the TNO samples were examined by using scanning electron microscopy (SEM, Hitachi S-4800, Japan) and transmission electron microscopy (TEM, JEM-2010FEF, 200 kV), and the crystal structure was analyzed by using X-ray diffraction (XRD, Bruker D-8 Advance, Cu Kα). The surface chemistry of the asprepared TNO was characterized by using X-ray photoelectron spectroscopy (XPS, Escalab 250-Xi, USA).
Electrochemical measurements
The electrochemical performances of TNO anodes were tested in coin cells or soft packages which were assembled in an Ar-filled glove box. The electrolyte with 1 mol L −1 LiPF 6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (in the volume ratio of 1:1), was commercially supplied by Guotai Huarong New Chemical Materials Co., China. In the half cells, Li metal was used as the counter electrode. In the LIC full cells, the as-prepared TNO and activated carbon (KYP-50, Kuraray) were used as the anode and cathode materials, respectively. The model flexible LICs in soft package were sealed with a polythene film. Galvanostatic charge/discharge testing was conducted with a multi-channel battery testing system (Land-CT2001A, Wuhan Jinnuo, China). Cyclic voltammetry (CV) was performed with a CHI-660 electrochemical workstation (CH Instruments). Electrochemical impedance characterization was carried out on a PGSTAT100N electrochemical workstation (Autolab). The impedance spectra were recorded at the open circuit potential in the frequency range of 0.005 Hz to 1000 kHz with a potential amplitude of 10 mV. Before impedance examination, the half cells which were pre-charged for a preset capacity, were removed from the current load and then rested until the cell-potential variation was less than 5 mV in 1 h. The gravimetric or volumetric energy/power densities (E and P) of the model LICs were calculated
and P=E/Δt, where I is the constant
), V(t) is the working voltage at time t, dt is time differential, t 1 and t 2 (s) are the start and end times of discharging, and Δt is the total discharging time. The mass used for calculation is based on the active electrode materials while the volume is based on all components including the current collector, anode, cathode, electrolyte and separator.
RESULTS AND DISCUSSION
Post-annealing tailored TNO anodes and Li-storage performances
The TNO anodes with tailored nanostructures were prepared by a facile solvothermal method and postannealing under Ar atmosphere. The as-prepared electrodes are designated as TNO-700-5h, TNO-750-5h, TNO-800-5h, TNO-850-5h, TNO-750-7h and TNO-750-10h, respectively, highlighting the post-annealing temperature and time. Fig. 2a shows the surface morphologies of TNO-750-7h (with optimized annealing temperature and time). It can be seen that cross-linked short nanorods are uniformly decorated on the carbon fiber. The average diameter and length of the nanorods are estimated to be about ca. 25 and 80 nm, respectively. Moreover, nanopores are formed between cross-linked TNO nanorods. The cross-sectional image of TNO-750-7h is shown in Fig. 2b , which indicates the existence of a 3D porous (average pore diameter of ca. 6.431 nm and a Brunauer-Emmett-Teller (BET) surface area of ca. 39.652 m 2 g −1 , see Table S1 ) but integrated nanotexture (about 1 μm in thickness). For further analysis, some TNO nanorods were mechanically scraped from TNO-750-7h and then characterized by TEM. As displayed in Fig. 2c , the cross-linking or fusion between well-crystallized nanorods also can be observed clearly (noted by red circles). In Fig. 2d , the lattice spacings of 0.34 and 0.37 nm are in good agreement with the (003) and (110) planes of C 2 /m monoclinic TNO phase, respectively [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Moreover, the single-crystalline nature of TNO nanorods is evident from the selected area electron diffraction (SAED) pattern (inset in Fig. 2d ), which would be beneficial to directing electron transfer within the nanotexture. The elemental mapping results of a single carbon fiber from TNO-750-7h are displayed in Fig. 2e . As expected, Ti, Nb and O elements are detected, confirming the formation of TNO nanorods. The formation of the 3D porous nanotexture of TNO-750-7h can be attributed to the optimized post-annealing temperature and time. In contrast, almost no cross-linking between TNO nanorods is observed for TNO-750-5h ( Fig. 2f ) and other TNO materials ( Fig. S1 , Supplementary information) prepared with different annealing temperatures and times. For the precursor (after hydrothermal reaction but without post-annealing), a large number of tiny nanowhiskers are observed, which are uniformly distributed on the carbon fibers ( Fig. S1a ). After being annealed at high temperatures, the nanowhiskers are transformed into short nanorods ( Fig. 2f and Fig. S1b , c). With elevated annealing temperatures from 700 to 800°C, increased average diameter (from 20 to 35 nm) but nearly unchanged average-length (ca. 80 nm) are observed for the TNO nanorods. Particularly, the short nanorods are observed to evolve into larger irregular nanoparticles after being annealed at 800°C (TNO-800-5h, Fig S1c) . Similarly, nanorods with increased average diameter (ca. 40 nm) and severe agglomeration are obtained after a ultra-long post-annealing time (TNO-750-10h, Fig. S1d ).
The crystal structure and surface chemistry of TNO anodes were characterized by using XRD and XPS. Fig. 3a shows the XRD diffraction patterns of TNO samples prepared with different post-annealing temperatures. To better understand the structural phase of the TNO nanorods, the powder samples in the Teflon reactor were collected after hydrothermal reaction and then annealed at different temperatures. The diffraction patterns of the TNO powder samples were also examined, which are shown in Fig. 3b for comparison. Similar diffraction patterns are observed for the powder samples with different annealing temperatures, which indicates that there is no change in the crystal phase. It is observed that these diffraction patterns are markedly different from those of Nb 2 O 5 powder samples [26] [27] [28] , which indicates that TNO is formed instead of Nb 2 O 5 . By careful comparison with previous reported results, all the typical diffraction peaks are assigned to the monoclinic phase of C 2 /m (PDF#77-1374) for TNO [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . For the TNO samples grown on carbon cloth (Fig. 3a) , the typical diffraction peaks of TNO are suppressed by the peaks of carbon fibers, especially for those with low post-annealing temperatures (< 800°C). Nevertheless, the main diffraction peaks are in good agreement with those of TNO powder samples. Furthermore, the formation of TNO on the carbon fibers is confirmed by the XPS results. The full XPS absorption and characteristic spectra of O 1s, Nb 3d and Ti 2p are displayed in Fig. 3c -f, respectively. The appearance of Nb 3d absorption peaks (3d 3/2 , 3d 5/2 ) at 210.5 and 207.7 eV, and Ti 2p peaks (2p 1/2 , 2p 3/2 ) at 464.7 and 459.6 eV indicates the presence of Nb 5+ and Ti 4+ in the oxide materials. In addition, the absorption intensity of C 1s, which originates from the carbon fibers under the TNO nanorods, is much lower than that of Nb 3d and O 1s (Fig. 3c ). This implies that the carbon fibers are uniformly covered by the TNO nanorods. The above XRD and XPS results clearly confirm the successful growth of TNO anodes of crystallized monoclinic phase on the carbon cloth. The electrochemical Li-storage performances of TNO materials with different annealing temperatures and times were examined by galvanostatic testing. The initial two cycles at 0.5 C are shown in Fig. 4a for comparison, from which similar charge and discharge profiles are observed. Typically, the charge/discharge process exhibits a flat plateau at ca. 1.7 V followed by a slope line (ca. 1.5-1.0 V), and a reversible capacity of ca. 260 mA h g −1 between 1.0 and 3.0 V. The rate performances of the TNO anodes were also tested, as shown in Fig. 4b . The electrodes show significantly improved rate capability compared with previously reported bulk materials [37] [38] [39] , which can be ascribed mainly to the dramatically reduced Li-ion diffusion length within TNO nanorods. By comparison, TNO-750-5h and TNO-800-5h exhibit better rate performances than TNO-700-5h, especially at high rates above 10 C. This can be mainly ascribed to the better crystallization at elevated annealing temperature (Fig. 3a) . Moreover, the high-rate performances of TNO-750-5h and TNO-800-5h are very similar (~78.3%, 70.5%, 66.7% and 63.5% of the reversible capacity at 1 C are retained at 10, 20, 30 and 40 C, respectively). With optimized annealing time, TNO-750-7h exhibits further improved high-rate performance, and about 82.6%, 73.4% and 66.3% of 1 C capacity are retained at 10, 20 and 40 C, respectively. It is worth mentioning that such high-rate capability is encouraging for TNO electrodes with mass loading of 2.5-3.0 mg cm −2 and no addition of conductive agent. This rate performance is comparable to the record high-level of TNO anode reported by Guo et al. (ca. 84 .6%, 75% and 49% at 10, 20, and 50 C, respectively with mass loading of 1.5-2.0 mg cm −2 ) [44] . Fig. 4c shows the typical charge/discharge profiles of TNO-750-7h at various C rates. Very high coulombic efficiency (~100%) and unchanged electrochemical characteristics are observed at various high rates (> 10 C). This improved high-rate performance of TNO-750-7h is ascribed to the facile electron transport along the 3D nanorod framework constructed with single-crystallized TNO nanorods. In contrast, inferior high-rate performances are observed for TNO-850-5h with higher crystallization degree and TNO-750-10h (Fig. S2c ). This can be ascribed to the severe agglomeration of TNO nanorods after annealing at ultra- high temperature (TNO-850-5h) or with ultra-long time (TNO-750-10h), which likely leads to the poor contact of TNO nanorods with carbon fibers and consequently increased charge transfer resistance (Fig. S1d ). Similarly, low coulombic efficiency is observed for TNO-850-5h in the initial cycle (ca. 83%) and subsequent cycles (Fig. S2a ). In contrast, much higher coulombic efficiencies in the initial cycle (ca. 90%) and following cycles (100%) are obtained for TNO-700-5h, TNO-750-5h and TNO-800-5h ( Fig. 4a ). Furthermore, different cycling performances were observed for TNO materials with different annealing temperatures and times. As shown in Fig. 4d , with elevated post-annealing temperature, decreased cycling stability is observed for the TNO anodes between 1.1 and 3.0 V. TNO-700-5h exhibits much better cycling stability, and the capacity retention reaches up to~91% and 82% after 1000 and 2000 cycles, respectively. However, TNO-700-5h exhibits much poorer high-rate capability than TNO-750-5h and TNO-800-5h (Fig. 4b) . Based on the overall consideration of these results, post-annealing at 750°C was selected to prepare TNO anodes with both high-rate performance and long-cycling stability in this work. With optimized annealing time, TNO-750-7h shows significantly improved cycling stability compared with TNO-750-5h and TNO-700-5h, and achieves capacity retentions of ca. 95.8% and 86.4% after 1000 and 2000 cycles, respectively. This is mainly associated with the enhanced architecture stability upon cycling, due to the cross-linking between TNO nanorods and subsequent formation of a unique 3D porous nano-texture (which is more pronounced in TNO-750-7h compared with other TNO anodes, as revealed by the SEM and TEM results in Fig. 2) . In contrast, TNO-750-10h with ultra-long annealing time shows much poorer cycling stability (Fig. S2d ). This is ascribed to the poor adhesion of individual TNO nanorods with the underlying carbon fibers due to the deteriorated nanostructure integration and self-agglomeration of TNO nanorods (Fig. S1d ). Increase in capacity in the initial cycles is observed for the TNO materials in Fig. 4d , which might be due to the activation of TNO particles post-annealed at high tem- peratures (>600°C). Based on the comparative investigations of post-annealing temperature and time, posttreatment at 750°C for 7 h (TNO-750-7h) was determined to be the optimal condition for the TNO anode growth.
Electrochemical kinetics investigation on the TNO anodes
To further understand the reasons for improved high-rate performance of TNO-750-7h, comparative analyses with CV and alternating current impedance were conducted for TNO-750-7h and TNO-700-5h anodes. The typical CV curves of TNO-750-7h at slow sweeping rates are shown in Fig. 5a , and the characteristics consistent with previous reports are observed [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Typically, three pairs of redox peaks were detected at about 1.9, 1.7 and 1.3 V between 3.0 to 1.0 V, which are assigned to the redox couples of Ti 4+ /Ti 3+ , Nb 5+ /Nb 4+ and Nb
respectively. The CV profiles of TNO-750-7h at different sweeping rates are displayed in Fig. 5b . It can be seen that the peak potential offset is small at sweeping rates below 2.0 mV s −1 , and it increases significantly at sweeping rates above 5.0 mV s −1
. These characteristics are also observed with TNO-700-5h (Fig. S3a) . According to classic elec-trochemical kinetics [65] , a linear dependence of peak current (I p ) on the square root of sweeping rates (υ 1/2 ) indicates a diffusion-controlled process. In contrast, the linear dependence of I p on υ shows the dominance of a surface process. To understand the Li-ion intercalation/ extraction kinetics of the TNO anodes, the biggest peak at ca. 1.7 V corresponding to the main capacity of Li-storage, was selected for analysis. The cathodic and anodic I p values at 1.7 V are plotted with υ or υ 1/2 , respectively. As shown in Fig. 5c, d , the plotted points of both TNO-750-7h and TNO-700-5h are well fitted with a linear dependence of I p on υ 1/2 at all sweeping rates. In contrast, only the data below 2.0 mV s −1 are fitted with a linear relationship of I p with υ. The CV analysis results indicate that the rate performance of the TNO anodes is limited by Li-ion diffusion within TNO, especially at high rates. Accordingly, the TNO nanorod anodes exhibit significantly improved rate performance compared with bulk counterparts in large crystal size, due to the dramatically reduced Li-ion diffusion path in the nanorods.
It is well understood that the high-rate capability of Liion intercalation materials is affected not only by the Li- ion diffusion in solid phase, but also by the interfacial charge transfer. The impedances of TNO-750-7h and TNO-700-5h anodes were thus characterized for better understanding the improved high-rate performances. The Nyquist plots for the measured impedance spectra of TNO-750-7h are presented in Fig. 6a in scattered dots. All the spectra measured at charged states (below 2.30 V) exhibit a depressed large semicircle in the high frequency range, a small semicircle in the middle frequency range and a sloping line in the low frequency region. Similar characteristics are also observed for TNO-700-5h ( Fig. S3b ). According to previous research [66] [67] [68] , the first semicircle which does not change with the discharged capacity, is associated with the Li-ion migration through the passive film on the material surface. The second semicircle which varies with the discharged capacity, is assigned to the charge transfer process. The sloping lines in the low frequency region are attributed to the Li-ion diffusion in the TNO nanorods. In addition, the sloping grades were observed to be much larger than 45°for a semi-infinite diffusion. This can be ascribed to the proceeding of a finite diffusion, in accordance with the limited diffusion length within the TNO nanorods.
The impedance spectra in Fig. 6a were further analyzed with a modified Randles equivalent circuit (inset of Fig. 6b ). In the circuit, two R||CPEs (R, resistance; CPE, constant phase element) in series were introduced to simulate the depressed semicircle in high frequency region, which correspondes to the surface film. The charge transfer resistance (R ct ) in parallel with a CPE was used to simulate the second semicircle associated with the charge transfer process. In addition, a finite-length Warburg impedance (Z ws ) in series with a pseudocapacitance (C ϕ ) was introduced to fit the sloping lines corresponding to the finite diffusion of Li-ions in the TNO nanorods [67] [68] [69] . With the modified equivalent circuit, the Zview software was used to fit the measured impedance data, and the fitted results in Nyquist plots are also displayed in Fig. 6a (in solid lines) . It can be seen that the measured impedance spectra in scattered dots are well fitted by the modified equivalent circuit. Similar result was also observed for TNO-700-5h anode (Fig. S3b) . The values of R ct , R p (the polarization resistance, including the resistances of surface film and charge transfer) and the Liion diffusion coefficient (D Li + ) obtained by the fitted data, were plotted against the discharge capacity, as shown in Fig. 6b-d . Compared with TNO-700-5h, significantly reduced R ct and R p values for TNO-750-7h are observed in Fig. 6b , c. It has been widely verified that reduced R ct and R p , which are helpful to improve the charging rate, are achieved by improved crystallization of intercalation materials. This general reason could be applicable to the TNO-750-7h anode as well. Moreover, the R ct of TNO-750-7h are further reduced by the enhanced electron transfer along the cross-linked single-crystal nanorods. It is likely that the facile Li-ion migration within the porous but continuous film architecture of TNO-750-7h contributes partly to the reduced R p .
The D Li + was calculated approximately by using the parameter T for the Z ws . The data of T are obtained with the following equation by setting P = 0.5 [69] ,
where R D represents the low-frequency limit of Z ws (the Warburg impedance of finite-length diffusion), j = 1 , ω is the angular frequency, T l D = / 2 and P represents varying exponent (01). Then, the chemical diffusion coefficient (D) was calculated by using T l D = / 2 , where l represents the diffusion length. The value of l was estimated by the half diameter of TNO nanorods. The calculated D Li + values of both TNO-700-5h and TNO-750-7h are found to vary in the order of 10 −15 -10 −14 cm 2 s −1 (Fig. 6d) . Moreover, the D Li + value of TNO-750-7h is slightly larger than that of TNO-700-5h, which can also be attributed to the elevated temperature-induced better crystallization that may enable facile Li-ion diffusion in the nanorods. Based on the above analysis, it can be concluded that the Li storage process in TNO anodes is diffusioncontrolled. Nevertheless, after optimization of the postannealing temperature and time, significantly reduced R ct , R p and l as well as improved D Li + are achieved with the designed 3D interconnected nanorod electrode architecture.
Electrochemical performance of LIC based on TNO-750-7h
To further demonstrate the advantages of TNO-750-7h with unique nanotexture, a model LIC with TNO-750-7h anode and activated carbon (AC) cathode was assembled and tested. The galvanostatic charge/discharge behaviors of commercial AC (KYP-50) cathode were first examined ( Fig. S4 ). Sloped straight lines corresponding to a capacitive behavior between 3.0 and 4.5 V (vs. Li + /Li), and a reversible capacity of ca. 50 mA h g −1 at 2 C are observed (Fig. S4a) . The KYP-50 cathode exhibits excellent highrate capability, with~90%, 84% and 73% of the discharge capacity at 2 C being retained at 10, 20 and 40 C, respectively ( Fig. S4b ). Moreover, it shows superior cycling stability as displayed in Fig. S4c (capacity retentions of ca. 97.1% and 96.4% after 1000 and 2000 cycles, respectively). The electrochemical performances of the assembled LIC are shown in Fig. 7 . To obtain high energy and power densities, the mass ratio of TNO to KYP-50 was optimized to be 1:4.2. Fig. 7a displays the typical charge/ discharge profiles of the model LIC in coin cell between 1.0 and 3.5 V. Different from the sloping straight lines for KYP-50, inclined charge/discharge curves are observed for the LIC because of the combination of battery-type TNO anode and capacitive AC cathode. The optimized LIC device delivers a reversible capacity of ca. 43 mA h g −1 at 2 C. It also exhibits superior high-rate capability. As shown in Fig. 7b , capacity retention of8 4%, 77%, 60% and 54% are reached when the rate increases from 2 to 10, 20, 30 and 40 C, respectively. In addition, a capacity retention of ca. 88% is obtained after 1000 cycles at 10 C for the device (Fig. 7c ), indicative of good cycling performance.
Different from other nanostructured TNO anodes in previous reports [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , the TNO anode in this work also exhibits good flexibility, which benefits from the direct growth of a 3D TNO nanorod film on flexible carbon cloth. To demonstrate its flexibility, the TNO-750-7h anode was bent repeatedly for 500 times (inset of Fig. 7d ; optical images before and after the bending), and then an LIC device assembled with the bending-treated TNO-750-7h was tested. No TNO film peel-off is observed after continuous bending, and there is almost no change in the charge/discharge curves of LIC device (Fig. 7d) . In addition, a flexible LIC in soft package was assembled with TNO-750-7h and KYP-50, which is able to light up a white LED indicator even when bent from 0 to 180°(inset of Fig. 7c ).
Furthermore, the new LIC device exhibits increased energy and power densities. The Ragone plot for the gravimetric energy density versus power density of the device is illustrated in Fig. 7e , along with the data of previously reported LICs for comparison [70] [71] [72] [73] [74] [75] . The asprepared LIC delivers a higher gravimetric energy density at the similar power density compared with previously reported LICs based on titanium/niobium/vanadium- , the energy density is still as high as 51 W h kg −1 . In addition, the volumetric energy and power densities of the flexible LIC device are presented in Fig. 7f . For comparison, the data of some commercially available or previously reported flexible energy-storage devices are also summarized [15, [76] [77] [78] [79] [80] . It is worth noting that the novel LIC exhibits a maximum volumetric energy density of ca. 10.7 mW h cm −3 , close to that of the commercial thin-film lithium battery [76] and much higher than that of other flexible LICs such as LTO//CNT (4.5 mW h cm −3 ) [15] at a comparable power density [77] [78] [79] [80] . Moreover, the highest volumetric power density of the novel device approaches that of the commercial AC SCs and 5.5 V/100 mF SC. The superior energy and power densities of this LIC are attributed to the 3D binder-free interconnected nanorod architecture of TNO, which enables greatly reduced Li-ion diffusion length and rapid ion diffusion as well as facile interfacial charge transfer.
CONCLUSIONS
In summary, a flexible TNO anode with an integrated 3D nanotexture of cross-linked nanorods on carbon cloth was successfully prepared by a convenient solvothermal process and optimized post-annealing treatment. Benefitting from the absence of binder, good connections among individual nanorods and highly porous structure resulting from the cross-linked architecture, the TNO anode exhibits superior rate capability up to 40 C, excellent cycling stability (2000 times) and robust flexibility (no capacity loss after continuous bending for 500 times). Using the TNO anode and commercial AC cathode, a prototype LIC device was assembled, which delivers much higher gravimetric and volumetric energy/power densities compared with previous LICs based on titanium/niobium/vanadium-oxide anodes. Our work presents a promising strategy to develop high-rate and highcapacity battery electrodes for flexible LICs.
